A winged-helix protein from sulfolobus turreted icosahedral virus points toward stabilizing disulfide bonds in the intracellular proteins of a hyperthermophilic virus  by Larson, Eric T. et al.
Available online at www.sciencedirect.com
7) 249–261
www.elsevier.com/locate/yviroVirology 368 (200A winged-helix protein from sulfolobus turreted icosahedral virus points
toward stabilizing disulfide bonds in the intracellular proteins
of a hyperthermophilic virus
Eric T. Larson a,b, Brian Eilers a,b, Smita Menon a,b, Dirk Reiter a,b,c, Alice Ortmann a,d,
Mark J. Young a,d,e, C. Martin Lawrence a,b,⁎
a Thermal Biology Institute, Montana State University, Bozeman, MT 59717, USA
b Department of Chemistry and Biochemistry, Montana State University, Bozeman, MT 59717, USA
c Physiologisch-Chemisches Institut der Universität Tübingen, Hoppe-Seyler-Strasse 4, D-72076 Tübingen, Germany
d Department of Plant Sciences and Plant Pathology, Montana State University, Bozeman, MT 59717, USA
e Department of Microbiology, Montana State University, Bozeman, MT 59717, USA
Received 20 December 2006; returned to author for revision 1 June 2007; accepted 28 June 2007
Available online 31 July 2007
Abstract
Sulfolobus turreted icosahedral virus (STIV) was the first non-tailed icosahedral virus to be isolated from an archaeal host. Like other archaeal
viruses, its 37 open reading frames generally lack sequence similarity to genes with known function. The roles of the gene products in this and
other archaeal viruses are thus largely unknown. However, a protein's three-dimensional structure may provide functional and evolutionary insight
in cases of minimal sequence similarity. In this vein, the structure of STIV F93 reveals a homodimer with strong similarity to the winged-helix
family of DNA-binding proteins. Importantly, an interchain disulfide bond is found at the dimer interface, prompting analysis of the cysteine
distribution in the putative intracellular proteins of the viral proteome. The analysis suggests that intracellular disulfide bonds are common in
cellular STIV proteins, where they enhance the thermostability of the viral proteome.
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ArchaeaIntroduction
While the number of viruses known to infect hyperthermo-
philic organisms is growing rapidly, the study of these viruses is
still in its infancy when compared to similar studies on
eukaryotic viruses and bacteriophage. Characterization of
hyperthermophilic viruses inhabiting the hot springs of Yellow-
stone National Park and other thermal features around the world
reveals fascinating diversity, apparent in both viral morphology
and genomic sequence. This diversity has spawned the creation
of at least five new viral families reflecting the unique character-
istics of these viruses (Prangishvili and Garrett, 2005). In⁎ Corresponding author. Thermal Biology Institute, Montana State University,
Bozeman, MT 59717, USA. Fax: +1 406 994 5407.
E-mail address: lawrence@chemistry.montana.edu (C.M. Lawrence).
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doi:10.1016/j.virol.2007.06.040general, little is known regarding the life cycles of these viruses,
their virus–host relationships, genetics, or biochemistry, and
further study of these unique viruses is clearly warranted.
Importantly, while such studies will lead to a greater under-
standing of the viruses themselves, they are also expected to
provide genetic, biochemical, and evolutionary insight into their
crenarchaeal hosts and the requirements for life in the harsh
environments in which these organisms thrive.
Sulfolobus turreted icosahedral virus (STIV) infects Sulfolo-
bus species resident in the acidic hot springs (pH 2.9–3.9 and
72–92 °C) of Yellowstone National Park and was the first
hyperthermophilic virus described with icosahedral capsid
architecture (Rice et al., 2004). Structural analysis of the STIV
particle and its major capsid protein suggest that it belongs to a
lineage of double-stranded DNA viruses that predates the
fundamental evolutionary events giving rise to the Archaea,
Table 1
Data collection a
Parameter Result b for data set
Se peak Native
Wavelength (Å) 0.97908 0.98789
Space group C2221
Cell constants
(a, b, c; Å) α=β=γ=90°
41.99, 102.55, 92.76 42.05, 102.59, 92.40
Resolution range (Å) 50–2.4 (2.49–2.40) 50–2.2 (2.28–2.20)
Unique reflections 8000 (791) 10466 (1005)
Average redundancy 6.3 (5.8) 7.1 (7.3)
I/σ 28.8 (5.5) 33.0 (4.2)
Completeness (%) 97.8 (99.4) 99.8 (100)
Rsym
c 0.068 (0.22) 0.058 (0.34)
a Data were integrated, scaled, and reduced using the HKL-2000 software
package (Otwinowski and Minor, 1997).
b Numbers in parenthesis refer to the highest resolution shell.
c Rsym=100*∑h∑i|Ii(h)−bI(h)N | /∑hI(h) where Ii(h) is the ith measurement
of reflection h and bI(h)N is the average value of the reflection intensity.
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2004; Khayat et al., 2005; Larson et al., 2006;Maaty et al., 2006;
Rice et al., 2004). The STIV genome encodes 37 putative open
reading frames (ORFs). Similar to other crenarchaeal viruses,
functional predictions for these hypothetical proteins are
hindered by their lack of similarity to sequences of known
function. However, sequence analysis by our laboratory and
others suggests the presence of several classes of transcriptional
regulators [M. Dlakic, personal communication (Prangishvili et
al., 2006)] and an ATPase (Iyer et al., 2004; Maaty et al., 2006).
In addition, analysis of the purified virus has identified the major
capsid protein (Khayat et al., 2005; Rice et al., 2004) and eight
other proteins, including two from the host (Maaty et al., 2006).
Finally, structural studies strongly suggest that the A197 gene
product is a glycosyltransferase (Larson et al., 2006) and the
B116 gene product is a unique nucleic acid binding protein
(Larson et al., 2007). The functions of the remaining gene
products, however, remain a mystery.
It is unlikely that most of the STIV proteome consists of
unique protein folds serving novel functions. Rather, the limited
sequence similarity is a likely function of the unique
environment in which these viruses replicate and the evolu-
tionary distance between them and their bacterial and
eukaryotic homologues. Because similarity between related
protein structures persists longer on an evolutionary time scale
than similarities in their corresponding amino acid sequences,
protein structure may uncover functional and evolutionary
relationships not apparent from the primary sequence (Aravind
et al., 2005; Benson et al., 1999; Benson et al., 2004; Buehner et
al., 1973; Khayat et al., 2005; Kraft et al., 2004a,b; Larson et al.,
2006; Moult and Melamud, 2000; Rossmann et al., 1981;
Unligil and Rini, 2000; Unligil et al., 2000). To this end, we
have initiated crystallographic studies of the STIV proteome.
Like similar studies on Sulfolobus Spindle-shaped Virus 1
(SSV1) (Kraft et al., 2004a,b) and our recent work on STIV
(Larson et al., 2007), structural analysis of the STIV gene
products is expected to provide insights into the possible
functions of these proteins and their roles in the STIV life cycle.
We report on the structure determination of F93, a 93-residue
protein in reading frame F of the viral genome. Structural and
biochemical characterization of F93 reveals a homodimeric
winged-helix protein that is likely to function as a transcrip-
tional regulator. Notably, we find an interchain disulfide bond
that spans the dimer interface, and biochemical studies show
that it enhances protein thermostability. The observation of a
disulfide bond in a presumptive intracellular protein prompted
further analysis of the cysteine distribution in the STIV
proteome. The analysis reveals a pattern consistent with the
frequent use of disulfide bonds in small intracellular proteins
encoded by STIV, strongly suggesting that intracellular
disulfide bonds make a significant contribution to the thermo-
stability of the viral proteome. While stable disulfide bonds are
rarely found in the cytoplasm of most organisms (Kadokura et
al., 2003), our conclusion is consistent with the observations of
Yeates et al. on the occurrence of stabilizing disulfide bonds in
cytoplasmic proteins of certain Archaea (Beeby et al., 2005;
Mallick et al., 2002; O'Connor and Yeates, 2004). Our workstrongly supports these conclusions and extends the observed
occurrence of stabilizing disulfide bonds in cytoplasmic
proteins to the genome of a hyperthermophilic virus.
Results
The F93 construct used in this study codes for the 93 amino
acids of the native protein plus an additional C-terminal His-tag,
resulting in 99 residues with a calculated mass of 11,970 Da.
Purified F93 elutes from a Superdex™ 75 size exclusion
column as a single peak with an apparent molecular weight of
approximately 25 kDa, suggesting that it is present as a
homodimer in solution. The protein crystallizes in space group
C2221 with two copies of the F93 polypeptide per asymmetric
unit. The structure was initially solved at 2.4 Å resolution by
single-wavelength anomalous diffraction (SAD) using seleno-
methionyl-incorporated protein, with subsequent refinement at
2.2 Å resolution using native data. Details on data collection
and model refinement are presented in Tables 1 and 2. The
atomic coordinates and structure factors have been deposited in
the Protein Data Bank (www.pdb.org) under accession code
2CO5.
Structure of F93
The structure of F93 (Fig. 1) reveals a winged-helix (or
winged-helix-turn-helix, wHTH) fold, a subclass of the helix-
turn-helix (HTH) protein superfamily (Aravind et al., 2005).
Members of the wHTH family share a bundle of three α-helices,
which is comprised of helices α1, α2, and α3 in F93. Helices
α2, α3, and the intervening turn comprise the HTH motif, in
which α3 serves as the recognition helix. Following α3, two β-
strands connect through a reverse turn to form a small flanking
antiparallel β-sheet that constitutes the “wing” of this structural
motif. These features are important to the DNA-binding
function of these proteins; the recognition helix generally
makes base-specific contacts within the DNA major groove,
Table 2
Model refinement a
Parameter Value
Rcryst
b (%) 19.0
Rfree
b (%) 23.2
Real space CC c (%) 95.7
Mean B value (overall; Å2) 42.8
Coordinate error (based on maximum likelihood, Å) 0.170
RMSD from ideality
Bonds (Å) 0.007
Angles (°) 0.991
Ramachandran plot d
Most favored (%) 90.6
Additional allowed (%) 9.4
PDB accession code 2CO5
a Refinement was carried out with Refmac5 (Bailey, 1994; Murshudov et al.,
1997).
b Rcryst=∑||Fo|−Fc|| /∑Fo| where Fo and Fc are the observed and calculated
structure factor amplitudes used in refinement. Rfree is calculated as Rcryst, but
using the “test” set of structure factor amplitudes that were withheld from
refinement (4.9%).
c Correlation coefficient (CC) is agreement between the model and 2mFo-DFc
density map.
d Calculated using PROCHECK (Laskowski et al., 1993).
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and/or the minor groove (Aravind et al., 2005; Brennan, 1993).
Variations on this fold that are common to other wHTH
proteins are also seen in F93. Namely, a small β-strand (β1)
inserted between α1 and α2 and a fourth α-helix (α4) C-
terminal to the wing. The additional β-strand hydrogen bonds in
an antiparallel fashion to β-strand 3 of the wing and results in a
three-stranded, antiparallel β-sheet with a topology of 1,3,2.
Whereas the C-terminal helix (α4) extends away from the wing,
roughly parallel to helix α2, and antiparallel to helix α4 of the
neighboring molecule in the asymmetric unit. In most cases, C-
terminal extensions to the core wHTH domain are involved in
dimerization (Aravind et al., 2005), and this is indeed the case in
F93.
Interactions with a neighboring molecule in the asymmetric
unit result in formation of the homodimer (Fig. 1) identified by
size exclusion chromatography. Much of the dimer interface is
composed of interactions with, and between, the C-terminal half
of α4 from each monomer. The N-terminus and beginning of
α1, the C-terminus of α2, and the α2–α3 loop also contribute.
The dimer interface is composed of a hydrophobic core, and
dimer formation results in the loss of 1100 Å2 of solvent
accessible surface area per monomer.
Interestingly, an intermolecular disulfide bond connects the
two subunits via their C-terminal residues. The disulfide is
formed by Cys93, which is found at the end of helix α4, and
explains the covalent dimer seen by MALDI-TOF mass
spectrometry and SDS–PAGE under nonreducing conditions
(discussed below). Homodimeric wHTH proteins typically
possess more extensive dimer interfaces than that seen here for
F93. These generally result from additional domains C-terminal
to helix α4 or N-terminal to α1 and often serve a regulatory role.
Searches for nearest structural neighbors using VAST (Gibrat
et al., 1996) and DALI (Holm and Sander, 1993) indicate a closeresemblance to MarR-like families of transcriptional regulators.
For example, 82 structurally equivalent Cα atoms in MarR,
PDB ID 1JGS (Alekshun et al., 2001), are superposed (Krissinel
and Henrick, 2004) upon F93 with an RMSD of 1.7 Å, despite
only 14.6% sequence identity (Fig. 1C). Members of the MarR
family are typically involved in transcriptional regulation,
where the core structural motif, present in F93, binds to a
specific DNA target sequence. These similarities suggest that
F93 likewise plays a role in transcriptional regulation. However,
structural homology to other members of the wHTH families
should not be overlooked as they may indicate alternative
functions for this protein. For example, F93 also shows
significant structural similarity to a replication terminator
protein, PDB ID 1F4KB (Wilce et al., 2001), with 85
structurally aligned residues exhibiting an RMSD of 2.5 Å
and 12.9% sequence identity. Thus, a role in replication of the
viral genome might also be considered for F93.
It is noteworthy that STIV F93 is structurally similar to a
known wHTH protein from another crenarchaeal virus, F-93
from Sulfolobus spindle-shaped virus 1 (SSV1) (Kraft et al.,
2004b). The similarity in name is at least a partial coincidence
as the ORFs are named according to reading frame and protein
size. Seventy nine equivalent Cα positions from SSV1 F-93
superpose on STIV F93 with an RMSD of 2.4 Å and 24%
sequence identity (Fig. 1C). Similar to the protein described in
this manuscript, F-93 from SSV1 is also expected to bind DNA
and may play a role as a transcriptional regulation or as a
replication terminator protein (Kraft et al., 2004b).
Putative interactions with DNA
Structural homology clearly suggests that F93 will function
as a DNA-binding protein. However, additional properties
inherent in F93 lend further support to this putative role. The
protein, with a basic pI, is rich in arginine and lysine residues.
This is particularly true for residues at the N-terminus, which lie
between the two recognition helices of the homodimer (Figs.
2A, B). These basic residues are well positioned to interact with
the ribose-phosphate backbone of DNA. In addition, the
recognition helices contain solvent exposed aspartate and
tyrosine side chains, residues that are capable of forming
base-specific interactions.
While demonstration of a high affinity protein–DNA inter-
action requires isolation and/or knowledge of a specific
recognition sequence, most sequence specific DNA-binding
proteins also show non-specific interactions with DNA at
elevated DNA or protein concentrations (Larson et al., 2007).
Thus, we looked for interactions between F93 and double-
stranded DNA using an electrophoretic mobility shift assay
(EMSA) in which the protein shift was followed by Coomassie
stain. Non-specific interactions between F93 and double-
stranded DNA are clearly demonstrated in this manner (Fig. 3).
Superposition of F93 on structural homologues in complex
with DNA provides a model for the putative interaction between
F93 and its target DNA (Fig. 2). For example, the β-lactamase
repressor from Staphylococcus aureus (BlaI), PDB ID 1XSD
(Safo et al., 2005), and the replication terminator protein (RTP)
Fig. 1. Structure of the F93 homodimer. (A) Stereo image of the “side” view of the covalent homodimer. Chain A is depicted in red, chain B in blue. With α-helices and
β-strands labeled in ascending order, the polypeptide traces from the N-terminus of the subunit through α1, β1, α2, α3, β2, β3 and α4 to the C-terminus. The disulfide
bond covalently linking Cys93 at the C-terminus of each subunit is highlighted in yellow. The dimer interface is composed primarily of the N-terminus, the N-terminal
end of α1, and the C-terminal half of α4. (B) The F93 dimer is rotated 90° relative to the orientation in panel A, about the depicted horizontal axis. The view now looks
down upon the recognition helices (α3) of each monomer, rather than end on. The secondary structural elements are depicted as in panel Awith additional labels to
highlight key features common to the winged-helix-turn-helix (wHTH) fold, namely the recognition helices (α3) and the wings (β2–β3). The disulfide bond is again
shown as a yellow stick, surrounded now by a difference density map contoured at 5σ (green mesh) in which the sulfur atoms were omitted from model refinement.
(C) Stereo image illustrating the superposition of STIV F93, SSV1 F-93 (PDB ID 1TBX) (Kraft et al., 2004b), and MarR (PDB ID 1JGS) (Alekshun et al., 2001).
The orientation is identical to that in panel B, with STIV F93 depicted in blue, SSV1 F-93 in orange, and MarR in magenta. The N-termini are denoted by a pound
sign (#) in the appropriate color, the C-termini with an asterisk (*). The core of the wHTH motif superimposes tightly, while additions to the motif diverge.
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been solved in complex with their respective target DNA
sequences. These structures share the core winged-helix fold
and helix α4 seen in F93. For BlaI, 69 equivalent Cα atoms are
superposed on F93 with an RMSD of 1.8 Å and 13% sequenceidentity. However, BlaI has additional secondary structural
elements C-terminal to helix α4, resulting in a more extensive
dimer interface than that in F93 (Fig. 2C). Likewise, a greater
dimer interface is seen in RTP from B. subtilis (85 equivalent
Cα atoms, 2.5 Å RMSD, 13% identity) due to the longer α4
253E.T. Larson et al. / Virology 368 (2007) 249–261helix (Fig. 2D). RTP also shows significantly longer wings than
both F93 and BlaI. As expected, each of these dimeric wHTH
proteins binds DNA in a similar manner, with the recognition
helices forming base-specific interactions in adjacent major
grooves of the DNA, while the positive N-termini and the wingsFig. 3. Non-specific binding to double-stranded DNA. Protein–DNA interac-
tions were followed by agarose gel electrophoresis and the protein was
visualized with a Coomassie G250 stain. Lane 1 shows comigration of F93 with
a randomly chosen 201-bp DNA fragment from the STIV genome. Lane 2
shows comigration of F93 with a 44-bp DNA fragment used in a similar study
(Larson et al., 2007). Lane 3 shows unshifted F93 protein (3.8 μg) in the absence
of DNA. The doublet in lane one is likely to arise from differential loading of
F93 on the 201 base pair DNA fragment.interact with the ribose-phosphate backbone. An analogous
complex between the F93 dimer and its target DNA is easily
envisioned (Figs. 2A, B).
The intermolecular disulfide bond
The intermolecular disulfide bond linking the C-termini of
the A and B chains is a striking feature in F93 (Fig. 1). Because
this putative DNA-binding protein is not found in purified virus
(Maaty et al., 2006), it is expected to be an intracellular protein.
However, disulfide bonds are not generally found in intracel-
lular proteins, perhaps suggesting that the disulfide bond is an
artifact of crystallization. In contrast, the solvent-exposed
disulfide bond is present in the crystal structure despite crystal
growth in the presence of 0.5 mM TCEP, a strong reducingFig. 2. Ribbon diagrams for the F93 homodimer and representative structural
neighbors in complex with target DNA. The orientation in panels A, C, and D
corresponds to that depicted in Fig. 1A, the orientation in panel B is equivalent
to that in Fig. 1B. Elements of all models that are common to F93 and the wHTH
fold are labeled accordingly. (A) DNA docked on F93. DNA from the RTP–
DNA complex (PDB ID 1F4K) (Wilce et al., 2001) is docked to F93 by
superposition of structurally equivalent residues in RTP upon F93. A similar
docking can be made using the BlaI–DNA complex. In F93, the N-termini of
each chain adapt different conformations, and interpretable electron density is
absent for the first four amino acids of chain A (red). Similarly, the wings adopt
slightly different orientations between chain A and chain B and the density is
relatively poor. This indicates flexibility within these regions, which may be
important for DNA recognition and/or specificity (Schulz, 1979). (B) The
electrostatic potential is mapped to the surface of F93 dimer. The color ramp on
the surface is from −15 kT/e (red, acidic) to 15 kT/e (blue, basic). The surface
exhibits a mix of positive and negative potential. The positive surface potential
(blue) is appropriately positioned for putative interaction with the ribose-
phosphate backbone of the DNA. The electrostatic potentials at the surface were
calculated with SPOCK (Christopher, 1998), using a probe radius of 1.4 Å, a
temperature of 353 K, and an ionic strength of 0.15 M, with protein and
dielectric constants of 4 and 80, respectively. The image itself was prepared with
PyMOL (DeLano, 2002). (C) Structure of the BlaI–DNA complex (PDB ID
1XSD) (Safo et al., 2005). (D) Structure of RTP–DNA complex (PDB ID 1F4K)
(Wilce et al., 2001). In panels C and D, it is apparent that DNA recognition is
facilitated by the N-termini, the recognition helices, and the wings. Similar
interactions are inferred for F93 with respect to its unknown target DNA
sequence.
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relevant. To further investigate the presence of this disulfide
bond, freshly purified F93 was analyzed by SDS–PAGE, with
and without the use of reducing agent in the sample buffer (Fig.
4A). While F93 runs at the expected molecular weight in the
presence of a strong excess of reducing agent (100 mM DTT,
Fig. 4A, lane 1), in the absence of reducing agent it is present
largely as the homodimer (Fig. 4A, lane 3). Furthermore, size
exclusion chromatography also indicates a dimeric protein and
subsequent analysis by MALDI-TOF mass spectrometry
indicates that the protein is present as the covalent homodimer
(results not shown). Perhaps most importantly, this disulfide
bond stabilizes a quaternary structure common to homodimericFig. 4. Stability of F93 +/− DTT. (A) Analysis of freshly purified F93 by SDS–
PAGE under reducing (+100 mM DTT, lane 1) and non-reducing conditions
(−DTT, lane 3). An equal amount of F93 was loaded in lane 1 and lane 2. The
corresponding sizes of the molecular weight markers (MWM, lane 2) are shown
to the right of the gel. Reduced F93 runs at an approximate molecular weight of
12,000 kDa (monomer) while untreated F93 gives a predominant band at
approximately 24,000 kDa (dimer), the expected size of the covalently cross-
linked homodimer. (B) Thermal melt assays. The thermostability of F93 and
B116 was followed in a real-time quantitative PCR machine using SYPRO
orange as a reporter. Protein denaturation results in an increased exposure of
hydrophobic residues, indicated by the increased fluorescence of SYPRO
orange. Melting points, Tm, were taken as the inflection point of the melt curve.
For F93 in the absence of DTT (○), the Tm is greater than the maximum
accessible temperature of the instrument (99 °C). In the presence of 100 mM
DTT (●), the Tm falls to 96 °C. Similarly, we are unable to observe the B116 Tm
in the absence of DTT (⋄). In the presence of DTT, the Tm for B116 falls to
94 °C (♦).winged-helix proteins (Fig. 2). Combined, these results suggest
the possibility of an intracellular covalent homodimer in vivo.
One possible role for the disulfide might be to promote and
stabilize formation of the F93 dimer. However, the magnitude of
the dimer interface, 1100 Å2 per monomer, suggests that the
dimer should be maintained even in the absence of the disulfide
bond. Accordingly, size exclusion chromatography in the
presence of 100 mM DTT indicates a stable dimer, at least at
room temperature and protein concentrations of 1 mg/ml.
Alternatively, the disulfide may provide additional thermo-
stability, a role suggested by genomic analyses of cysteine
patterns in hyperthermophilic organisms (Beeby et al., 2005;
Mallick et al., 2002).
To investigate this possibility, we examined the contribution
of the intermolecular disulfide bond to protein thermostability
using a thermal melt assay (Vedadi et al., 2006; Yeh et al., 2006)
in the absence and presence of DTT (Fig. 4B). In the absence of
DTTwe are unable to determine a melting temperature (Tm) for
F93. However, the inflection point of the melting curve is
clearly in excess of 99 °C, the temperature limit of our real-time
PCR instrument. Conversely, the Tm is found at 96 °C in the
presence of DTT, a decrease of at least 3 °C. It is noteworthy
that the curve of the nonreduced protein is still rather flat at the
temperature limit of the instrument, suggesting a much more
substantial decrease in the Tm as a result of disulfide bond
reduction.
In conjunction with the thermal melt assays for F93, we
examined the effect of DTT on a second STIV protein, B116.
Like F93, B116 appears to be an intracellular protein since it has
not been found in purified virus (Maaty et al., 2006) but is
present in virally infected cells analyzed by Western blot. Also
similar to F93, the structure of B116 (PDB ID 2J85) reveals a
disulfide bond (Larson et al., 2007), though it is intra- rather
than intermolecular. Like F93, we are unable to measure a Tm
for B116 in the absence of DTT (Fig. 4B). Again, however, the
presence of DTT causes a reduction in the Tm to 94 °C. Thus,
the disulfide bonds in B116 and F93 both appear to confer
significant thermostability under the conditions of our assay.
Given the temperature extremes this virus might be expected to
encounter within the hot springs of Yellowstone National Park,
where the boiling point is approximately 94 °C (Rice et al.,
2004), the additional thermostability provided by disulfide
bonds, whether intra- or intermolecular, appears to be
biologically relevant.
Genomic analysis of cysteine content
The disulfide bonds in STIV F93 and B116 prompted us to
examine the cysteine content encoded within the entire STIV
genome. Following the lead of Mallick et al. (2002), we looked
for a cysteine pattern suggestive of disulfide bonds in intra-
cellular proteins; specifically, an abundance of proteins with an
even, rather than an odd, number of cysteine residues. Towards
this end, a recent proteomic investigation of the purified viral
particle has identified nine proteins (Maaty et al., 2006) (labeled
by asterisks in Fig. 5A), which we consider extracellular
proteins. These proteins have been removed from the genome to
Fig. 5. Sequence analysis of genomic cysteine content. (A) The STIV genome
map. Open reading frames that code for proteins lacking cysteine are depicted in
white, those containing a single cysteine are in gray, and those with even
numbers of cysteines are in black. Open reading frames coding for proteins
associated with purified virus (Maaty et al., 2006) are labeled with an asterisk
(*). With the exception of C381 and A223, these proteins cluster in one region of
the genome and are noticeably lacking in cysteine. Predicted integral membrane
proteins are denoted with a plus (+). The map was created with Vector NTI
Advance 10.1.1 (Invitrogen). (B) The distribution of cysteine within the STIV
proteome. An abundance of disulfide bonds within intracellular proteins is
suggested by the preference for even numbers of cysteine residues in a pool
enriched for intracellular proteins (filtered genome, solid line). The genome was
enriched for intracellular proteins by filtering out proteins known to be
incorporated into the viral particle (8 cysteine-free proteins and 1 protein with a
single cysteine, all labeled with * in panel A) (Maaty et al., 2006), proteins that
contain predicted signal sequences or transmembrane helices (4 cysteine-free
proteins, 2 proteins with a pair of cysteines, and 1 protein with 4 cysteines), and
proteins that are predicted to contain a metal-binding motif (2 proteins
containing a pair of cysteines) (Prangishvili et al., 2006). The trend is also
apparent in the unfiltered genome (dashed line).
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proteins exhibiting detectable signal sequences, determined by
the program SignalP (Bendtsen et al., 2004), were also
considered extracellular and removed. Putative integral mem-
brane proteins were identified using the program TMHMM
(Krogh et al., 2001; Sonnhammer et al., 1998) and were likewise
removed. Finally, because even numbers of cysteine residues arefrequently employed in metal binding, these motifs were
identified using the primary literature (Prangishvili et al.,
2006) or the program ScanProsite (Gattiker et al., 2002; Hulo
et al., 2006; Sigrist et al., 2002) and removed from the intra-
cellular pool to prevent these potential false positives. While this
filtering process is less than precise, the remaining proteins
certainly represent a genomic pool that is enriched in intra-
cellular proteins.
When the number of cysteine residues in this pool of putative
intracellular proteins is determined, a strong preference for even
numbers of cysteine residues is indeed observed (Fig. 4B, solid
line). This strongly suggests an abundance of disulfide bonds in
the intracellular proteins encoded by the STIV genome. In fact,
only three STIV proteins show an odd number of cysteine
residues. These are B97, C381 and F93, all of which contain a
single cysteine (Fig. 4A). Furthermore, we note that proteins
containing a single cysteine residue may participate in
intermolecular disulfide bonds, as is the case for F93. Of course,
the opposite scenario is also true; a preference for even numbers
of cysteine residues at the genomic level does not necessarily
imply the presence of disulfide bonds in a specific protein with
an even number of cyteines. Finally, we note the trend towards
proteins with even numbers of cysteines is also readily apparent
in the unfiltered genome as the particle-associated proteins
generally lack cysteine (Fig. 5A), and removing them from the
genome to enrich for intracellular proteins had little affect on the
general trend of the curve (Fig. 5B, dashed line).
Discussion
wHTH DNA-binding protein
F93 shows greatest similarity to the MarR-like families of
winged-helix proteins. In addition to the winged-helix motif,
members of these families possess a characteristic fourth helix
(helix α4 in F93) that follows the wing and is typically involved
in dimerization. Members of the MarR-like families are quite
common in the Archaea, with most of the major Archaea-
specific wHTH transcription factors belonging to this larger
family (Aravind et al., 2005). Barring a few exceptions, MarR-
like proteins generally function as transcription factors (Aravind
et al., 2005), consistent with a similar activity for F93.
The organization of the STIV genome suggests the presence
of several multi-gene transcripts (Rice et al., 2004). Interest-
ingly, the position of F93 relative to one potential transcript
resembles the arrangement of several bacterial and archaeal
operons to their regulatory transcription factors. Specifically, the
F93 gene is situated adjacent to the 5′ end of a probable transcript
that starts with open reading frame C121, but is encoded on the
opposite strand (Fig. 5A). This suggests that F93 may regulate
transcription of C121 and other downstream open reading
frames (A81, etc., Fig. 5A). However, other target sequences,
including sequences within the host genome, are certainly
possible, as are altogether different functions for a wHTHDNA-
binding protein. For example, F93 shows similarity to RTP
family members (Wilce et al., 2001) and thus might conceivably
play a role in replication of the viral genome.
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significant N- or C-terminal embellishments that serve to
modulate the activity of the protein in response to a signal,
additional structural elements are notably absent from F93.
Thus, the minimal structure of F93 suggests a constitutively
active DNA-binding protein. However, regulation might be
provided in trans by a viral or host protein, or through binding
of a small molecule that blocks the DNA-binding surface, as is
the case for MarR itself (Alekshun et al., 2001).
In this vein, a short sequence motif (LTEKG) between strand
β3 and helix α4 is noteworthy. This motif is conserved in STIV
F93, SSV1 F-93 and its homologues in other SSVs and select
MarR-like and PadR-like proteins in various archaeal and
bacterial genomes (Kraft et al., 2004b). This conserved patch is
distinct from the DNA-binding surface and could thus
participate in an interaction with other viral or host proteins.
The interaction might play a regulatory role, or serve to recruit
additional proteins to the bound DNA.
The structure of F93 provides definitive evidence for a
wHTH protein in the STIV genome. In conjunction with the
previous work of Kraft et al. (2004b), it is now clear that this
structural motif is common in crenarchaeal viral genomes. Not
surprisingly then, bioinformatics approaches by us (unpub-
lished) and others (Prangishvili et al., 2006) note the presence
of weak signals suggestive of the wHTH motif in other
hyperthermophilic viral genomes. As is the case for STIV F93,
conserved domain (CD) searches with default values generally
fail to identify this domain. However, using increased expect
values, the occurrence of the wHTH motif is suggested for
three proteins from Pyrobaculum Spherical Virus (accession
numbers: YP_015525.1, YP_015569.1, YP_015526.1) and for
one protein from Acidianus Rod-shaped Virus 1 (accession
number: CAI44193.1). While in some cases the individual CD
searches may not yield statistically meaningful matches, the
structural observation of the wHTH fold in the STIV and SSV1
proteomes suggests that the four proteins from Pyrobaculum
Spherical Virus and Acidianus Rod-shaped Virus 1 are also
bona fide members of the wHTH family of DNA-binding
proteins.
Intracellular disulfide bonds
To our knowledge, a preference for even numbers of cysteine
residues among intracellular proteins on the genome scale has
been observed only once before, by Mallick et al. in their work
with a size restricted set of proteins from P. aerophilum (Mallick
et al., 2002). In a complementary approach, they also used
sequence-structure mapping to estimate the abundance of
disulfide bonds in the intracellular proteins of P. aerophilum
and other prokaryotic organisms for which the complete
genomes were known. In contrast to the simpler even–odd
distributions, the sequence-structure mapping indicated appreci-
able levels of intracellular disulfide bonds in at least 15
thermophilic and hyperthermophilic organisms (Beeby et al.,
2005; Mallick et al., 2002). Of these, P. aerophilum is predicted
to have the greatest percentage of intracellular cysteine residues
involved in disulfide bonds (44%) (Mallick et al., 2002). Thus,both sequence-structure mapping and the simpler genomic
sequence analysis serve to single out the extraordinary cysteine
distributions in the genome of P. aerophilum. Their studies
suggest that while sequence-structure mapping is the more
sensitive technique, the preference for even numbers of cysteine
residues in filtered genome is a more stringent test. This
underscores the significance of the even–odd cysteine distribu-
tion presented here for STIV. Nevertheless, the even–odd
distribution for STIV is not, by itself, definitive. The smaller
number of proteins in the STIV genome lessens the statistical
significance of the analysis. However, in light of the structural
analyses of F93 and B116, and the biochemical evidence of
increased thermostability as a result of their disulfide bonds, it
provides strong support at the genomic level for the presence of
intracellular disulfide bonds.
Why does the STIV proteome display such a pronounced
even–odd distribution? We believe this is due to the relatively
small size of the proteins found within the genome. Smaller
proteins necessarily possess a smaller hydrophobic core relative
to their hydrophilic surface areas. Thus, the magnitude of the
hydrophobic effect may be correspondingly smaller and
additional means of stabilizing a particular fold may be required.
In fact, proteins that are less than 100 residues in size are
frequently found to be metal rich or, in the case of extracellular
proteins, rich in disulfide bonds (Richardson, 1981).
Indeed, whenwe examined the frequency of cysteine residues
as a function of protein size, we found a pronounced preference
for cysteine in the smaller proteins of the filtered (Fig. 6) and
unfiltered STIV genome (results not shown). However,
decreased cysteine content as a function of increasing protein
size might be expected, whether or not the cysteines are involved
in disulfide bond formation. At least for spherically shaped
proteins, increased size will result in a decreased surface to
volume ratio. Thus, the relative occurrence of hydrophilic
residues such as cysteine should decrease while at the same time
there is a relative increase in the occurrence of hydrophobic
residues. Importantly, though, the cysteine content of the STIV
proteome shows a steeper decrease as a function of protein size
than is predicted by the surface to volume ratio of a growing
sphere (Fig. 6A).
Alternatively, a simple empirical approach to predicting
cysteine content as a function of protein size can be taken. In the
absence of disulfide bonds, the cysteine content might be
expected to parallel that of a similar amino acid, such as serine.
Thus, we compared the decrease in cysteine content to the
change in serine content as a function of protein size (Fig. 6B).
As a counterpoint, relative amounts of hydrophobic amino acids
such as leucine might indicate changes in the size of the
hydrophobic core. Thus, the relative serine and leucine content
might reflect the ratio of surface exposed hydrophilic residues to
buried hydrophobic residues as a function of protein size. In this
regard, we find the serine and the leucine content to remain
relatively flat as a function of protein size, in sharp contrast to the
trend for cysteine (Fig. 6B). This suggests that the globular
approximation for proteins in the STIV proteome is inaccurate
and further highlights the pronounced preference for cysteine in
the smaller STIV proteins.
Fig. 6. Cysteine, serine, and leucine content as a function of protein size. (A) The
filtered STIV genome was divided into bins according to protein size (51–99,
100–199, and 200–557 amino acids in length) and the cysteine content (dark
boxes) of each bin was calculated (number of cysteines in the group divided by
the total number of residues in the group) and normalized relative to the cysteine
content of the filtered genome (1.14%). The theoretical surface area to volume
ratio (light boxes) was calculated based on a spherical approximation of the
average-sized protein from each bin. The surface to volume ratios were then
normalized to that determined for the 100–199 amino acid-sized bin, putting
them on a relative scale. The smaller proteins clearly show an enriched cysteine
content. In contrast, the larger proteins display a paucity of cysteine residues.
More importantly, the cysteine content falls as a function of protein size more
rapidly than predicted by the theoretical surface to volume ratio of a spherical
protein. This suggests that intracellular disulfide bonds are more common in the
smaller intracellular proteins. (B) Cysteine content (dark boxes) compared to the
serine (light boxes) and leucine (white boxes) content as a function of protein
size in the filtered genome. The serine and leucine content were calculated as
described above for cysteine. Serine and leucine content were both normalized
to their respective frequency in the filtered genome (serine content of 5.07%,
leucine content of 10.84%). The change in cysteine content as a function of
protein size may be expected to mirror that of a similarly hydrophilic residue
such as serine and to display a trend opposite that of a hydrophobic residue such
as leucine, however this is not the case in the STIV genome, again suggesting
that the smaller intracellular proteins show enriched cysteine content. In both
panels, the normalized values are shown at the top of their respective bars.
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stabilizing disulfide bonds in the intracellular proteins of
thermophilic organisms has been provided by several laboratories
(Appleby et al., 2001; Cacciapuoti et al., 2003, 2004, 1994;
DeDecker et al., 1996; Feese et al., 2000; Karlstrom et al., 2005;
Toth et al., 2000). However, it is the genomic evidence from
Yeates and coworkers (Beeby et al., 2005; Mallick et al., 2002;
O'Connor and Yeates, 2004) that has revealed the surprising
abundance of disulfides in select thermophilic organisms and thetrue extent of this phenomenon. Because viruses often provide a
window upon key biochemical processes of their host organisms,
the abundance of disulfide bonds in the cellular proteins of STIV
suggests that the same might be true of its host. At the least, it
implies the ability to form disulfide bonds in the host cytosol.
Thus, it is not surprising that Sulfolobus solfataricus is
among those organisms predicted to carry significant numbers
of intracellular disulfide bonds (Beeby et al., 2005). This
suggests that other crenarchaeal viruses, particularly those
infecting Sulfolobus, may likewise utilize intracellular disulfide
bonds to stabilize their cellular proteins. Taken together, these
results represent substantial new evidence at the structural,
biochemical and genomic levels for an abundance of stabilizing
intracellular disulfide bonds in hyperthermophilic organisms
and extend the observation to their equally intriguing viruses.
Materials and methods
Cloning
ORF F93 was amplified by nested PCR directly from viral
particles purified as previously described (Rice et al., 2004). The
PCR primers added attB sites to facilitate ligase-free cloning
using the Gateway system (Invitrogen), a Shine-Dalgarno
sequence to facilitate efficient translation, and a C-terminal
His-tag to facilitate protein purification via immobilized metal
affinity chromatography (IMAC). The internal forward and
reverse primers were 5′- TTCGAAGGAGATAGAACCAT-
GAAAATCAGAAAGTATATGA-3′ and 5′-GTGATGGTGAT-
GGTGATGGCATACTATTTTTTTGAAAAATT-3′, while the
external forward and reverse primers were 5′-GGGGACAAGT-
TTGTACAAAAAAGCAGGCTTCGAAGGAGATAGAACC-
3′ and 5′-GGGGACCACTTTGTACAAGAAAGCTG-
GGTCCTAGTGATGGTGATGGTGATG-3′, respectively. The
sequence of the resulting entry clone was verified using ABI
BigDye Terminator Cycle sequencing. The His-tagged F93
construct was inserted into destination vector pDEST14
(Invitrogen), yielding the expression vector pEXP14-F93 for
protein expression in E. coli.
Expression, purification, and characterization of F93
Typically, pEXP14-F93 was transformed into BL21-Codon-
Plus (DE3)-RIL E. coli (Stratagene) and a single colony used to
inoculate 5 ml of Luria-Bertani medium and grown overnight,
with subsequent serial expansion to a 10 l fermentor (New
Brunswick BIOFLO 2000) batch culture at 37 °C. Medium for
batch fermentation was as recommended by the manufacturer
(R&D Laboratory-New Brunswick Scientific, 1996). All media
contained 100 μg/ml ampicillin. Fermentor batch cultures were
supplemented with filtered air at a flow rate of 10 l/minute and
stirred at 300–500 RPM. Cells were grown to an OD600 of 0.8 to
1.5 and protein expression was then induced by the addition of
1 mM isopropyl-beta-D-thiogalactopyranoside (IPTG). After an
additional 4 to 6 h of growth, cells were harvested by
centrifugation (IEC PR-7000 M) at 6000×g for 20 min and
pellets were stored at −80 °C until needed.
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lysis buffer (10mMTris–HCl, pH 8.0, 400mMNaCl) at 10ml/g
of wet cell pellet mass. Phenylmethylsulphonyl-fluoride (PMSF,
0.1 mM) was added to the cell suspension and cells were lysed
by passage through a microfluidizer (Microfluidics Corporation,
Newton, MA) or a Power Laboratory Press (American Instru-
ment Co., Inc., Silver Springs,MD), depending on the volume of
the cell suspension. The cell lysate was incubated at 65 °C for
20 min to denature many of the contaminating E. coli proteins
and clarified by centrifugation (Beckman Avanti J-30I) at
22,000×g for 20 min. The resulting cleared lysate was applied to
a column containing a 3- to 5-ml bed volume of HIS-Select™
Nickel Affinity Gel (Sigma-Aldrich), washed with at least 10
column volumes of wash buffer (lysis buffer plus 5 mM
imidazole), and eluted with elution buffer (10 mMTris–HCl, pH
8.0, 50 mM NaCl, 200 mM imidazole). Elution fractions
containing F93 were pooled and loaded onto a Superdex™ 75
gel filtration column (Amersham Biosciences) for further
purification and buffer exchange into a minimal buffer
(10 mM Tris–HCl, pH 8.0, 50 mM NaCl) for crystallization.
Peak fractions were pooled and concentrated using 5-kDa
molecular weight cutoff Amicon Ultra Centrifugal Filter
Devices (Millipore) to 10.5 mg/ml. Protein concentrations
were determined by Bradford assay (Bradford, 1976), using
Protein Assay Reagent (Bio-Rad) and bovine serum albumin
(BSA) as a standard. Protein yield was typically 3 to 7 mg/g of
cell pellet. Molecular weight and purity were assessed with 14%
sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS–PAGE) using a Tris–tricine buffer system.
For expression and purification of selenomethionine incor-
porated F93, pEXP14-F93 was transformed into B834 (DE3)
pLysS E. coli (Novagen), a methionine auxotroph. Methionine
auxotrophy was confirmed for a single colony, which was then
used to inoculate 5 ml of medium, essentially as described
(Thoma et al., 1999), but supplemented with 1 ng/ml biotin,
50 ng/ml L(+)-selenomethionine, and 100 μg/ml ampicillin
followed by serial expansion to a 10 l fermentor batch culture
(New Brunswick BIOFLO 2000) in the same medium. After
growth to OD600 of 0.6 to 0.8, protein was expressed and
purified as described for native protein (above).
Crystallization and data collection
Purified F93 was crystallized by hanging drop vapor diffusion
at 22 °C. Drops were assembled with 2 μl of F93 (9.0–10.5 mg/
ml in 10 mM Tris–HCl, pH 8.0, 50 mM NaCl, 0.5 mM Tris(2-
carboxyethyl)phosphine hydrochloride (TCEP)) mixed with 2 μl
of well solution (0.1 M sodium acetate, pH 4.75–5.0, 0.1 M
magnesium nitrate hexahydrate, 16–20% PEG 20,000). Seleno-
methionine-incorporated F93 crystals were grown under identical
conditions. Single rod-shaped or plate-shaped crystals were
isolated and cryoprotectant introduced with a quick soak (30–
300 s) in well solution supplemented with 12.5–15% glycerol.
Crystals were then flash frozen in liquid nitrogen.
The structure was solved using single-wavelength anom-
alous diffraction (SAD). Data were collected from a crystal of
selenomethionine-incorporated protein to 2.4 Å resolution at theSe–K edge (peak wavelength, 0.97908 Å) on beamline 9-2 at
the Stanford Synchrotron Radiation Laboratory (SSRL) (Table
1). An additional data set from a native crystal was collected to
2.2 Å resolution on beamline 9-1 at SSRL and was used for
refinement (Table 1). Data were integrated, scaled, and reduced
in space group C2221 (Table 1) using HKL-2000 (Otwinowski
and Minor, 1997).
Structure determination and refinement
SOLVE (Terwilliger and Berendzen, 1999) was used to
determine the positions of the selenium substructure and to
calculate initial phases. Five of six possible Se sites were
identified corresponding to two F93 molecules, one with two
and one with three Se sites, per asymmetric unit. The SOLVE
output was then used in RESOLVE (Terwilliger, 2000;
Terwilliger, 2002) for density modification and initial model
building. The resulting electron density mapwas of good quality,
allowing the best parts of various models output by RESOLVE
to be manually assembled into a composite model using O
(Jones et al., 1991). To aid initial modeling efforts, the electron
density was further modified by noncrystallographic symmetry
(NCS) averaging with DM (Cowtan, 1994), using the rotation
matrix between individual chains in the asymmetric unit
determined by Lsqkab (Kabsch, 1976). Building and refinement
proceeded with iterative cycles of model building, using O
(Jones et al., 1991) or Coot (Emsley and Cowtan, 2004), and
refinement with Refmac5 (Bailey, 1994; Murshudov et al.,
1997). As the model neared completion, we switched to the
native 2.2 Å data set. Refinement included the use of TLS
parameters in which the model was broken into seven TLS
groups per monomer (1: A5–A12, 2: A13–A27, 3: A28–A39, 4:
A40–A62, 5: A63–A78, 6: A79–A83, 7: A84–A96, 8: B1–
B16, 9: B17–B36, 10: B37–B51, 11: B52–B62, 12: B63–B78,
13: B79–B87, 14: B88–B94) as suggested by the TLS Motion
Determination Home (http://skuld.bmsc.washington.edu/
~tlsmd/) (Painter and Merritt, 2005; Painter and Merritt,
2006a,b). The final model results in an Rcryst of 19.0% and an
Rfree of 23.2% (Table 2). The model exhibits good geometry,
with all residues falling in allowed regions of the Ramachandran
plot (Laskowski et al., 1993) (Table 2). Residues A1–4, A97–
99, and B95–99 were not modeled due to the lack of
interpretable electron density, presumably due to disorder in
the terminal regions of the protein chains. The Protein
Quaternary Structure server (http://pqs.ebi.ac.uk/) was used to
calculate the surface area at the putative dimer interface.
Structural comparisons were performed using the DALI
(http://www.ebi.ac.uk/dali) (Holm and Sander, 1993) and
VAST (http://www.ncbi.nlm.nih.gov/Structure/VAST) (Gibrat
et al., 1996) servers. Structural figures were generated with
PyMOL (http://www.pymol.org) (DeLano, 2002).
Coordinates
Atomic coordinates and structure factures for F93 are on
deposit in the Protein Data Bank (http://www.pdb.org) under
accession code 2CO5.
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Two sources of double-stranded DNA were used in the
electrophoretic mobility shift assays, a 44 base pair piece of
double-stranded DNA assembled from chemically synthesized
oligonucleotides (Larson et al., 2007), and a PCR amplified 201
base pair fragment composed of bases 1201–1368 of the STIV
genome and flanking primer sequence. The chemically synthe-
sized DNA was assembled from two complementary 44 base
oligonucleotides (GAGCGCGCGTAATACGACTCACTATA-
GACCCTGCTTCAACAGTGC) that were heated together at
65 °C for 10 min in 10 mM Tris, pH 8.0, 1 mM EDTA and
10 mM MgCl2 and allowed to cool to room temperature. The
forward and reverse primers for amplification of the STIV DNA
were TTCGAAGGAGATAGAACCATGAACATTGAAGAA-
ATTCAG and GTGATGGTGATGGTGATGTTTTATTATCA-
AAACTAACAGAA, respectively. The PCR product was
isolated by phenol chloroform extraction and ethanol precipita-
tion. F93 (4. 0 μM final concentration) was mixed with both the
annealed DNA (2.0 μM final concentration) and the PCR
amplified DNA (0.45 μM final concentration) and incubated at
65 °C for 30 min in 20 mMBis–Tris pH 6.5, 50 mMKCl, 5 mM
β-Mercaptopethanol, 5% glycerol and 5 mM EDTA. Samples
were electrophoresed in a 1.6% agarose gel for 20 min at 110 V.
Running buffer was 25 mM histidine and 30 mM MOPS at pH
6.3. Protein was visualized by staining overnight in 100 μg.
Coomassie G250 in 10% acetic acid, followed by extensive
destaining in H2O.
Thermal melt assays
The stability of F93 and B116 as a function of temperature
was followed using a real-time PCR instrument (Rotor-Gene
3000 from Corbett Research, Australia) (Vedadi et al., 2006;
Yeh et al., 2006). Reaction samples contained purified protein at
300 μg/ml in 10 mMBis–Tris, pH 6.5, 50 mMNaCl mixed with
the reporter dye SYPRO Orange (1:1000 dilution, Invitrogen).
When present, DTT was added to a final concentration of
100 mM. The samples were heated from 35 to 99 °C at a rate of
1 °C per minute. The excitation wavelength was 470 nm with
emission detected at 555 nm. Raw data from the PCR
instrument were exported to MS Excel for data display.
Predicted subcellular localization
Proteins known to be present in the purified viral particle or
exhibiting detectable bacterial or eukaryotic signal sequences as
determined by the program SignalP (Bendtsen et al., 2004) were
considered to be extracellular. Putative integral membrane
proteins were identified using the program TMHMM (Krogh et
al., 2001; Sonnhammer et al., 1998). The remaining proteins
represent a genomic pool enriched in intracellular proteins.
Because even numbers of cysteine residues are frequently
employed in metal binding, these motifs were identified using
the program ScanProsite (Gattiker et al., 2002; Hulo et al., 2006;
Sigrist et al., 2002) or taken from the primary literature
(Prangishvili et al., 2006) and removed from the intracellular pool.Acknowledgments
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